Introduction: Propofol use during endoscopic procedures has become increasingly popular and assessing and maintaining airway patency is a significant challenge. Anesthesiologists often use airway maneuvers to maintain airway patency and ventilation during procedural sedation. A novel, non-invasive, Respiratory Volume Monitor (RVM) that provided continuous, real-time measurements of minute ventilation (MV), tidal volume (TV) and respiratory rate (RR) was used to monitor respiratory performance before, during, and after endoscopic procedures, quantify MV changes before and after airway maneuvers, and to quantify propofol-induced respiratory depression. Methods: RVM traces were obtained from 25 patients undergoing sedation for endoscopic procedures. Airway maneuvers were performed in 19/25 patients. All 25 patients received propofol as the primary sedative. Results: Forty-five airway maneuvers were performed. During these maneuvers, all respiratory parameters increased relative to pre-maneuver levels. On average, MV increased by 24% ± 5% (mean ± SEM), TV 14% ± 5% and RR: 17% ± 6%. The cohort average MVBASELINE was 9.5 ± 0.7 L/min (TV = 670 ± 60 ml, RR = 15 ± 0.7). Following propofol MV decreased transiently, reaching nadir five minutes after the last dose of propofol at 82% ± 10% of baseline (MV = 7.5 ± 1.0 L/min). The reduction in MV was driven by reduction in TV, not RR. Conclusions: Data demonstrated that RVM was able to track changes in ventilation and was able to quantify respiratory changes following airway maneuvers. All patients had a significant reduction in ventilatory volumes after propofol. Five minutes after the last dose of propofol, MV and TV were signif-* Corresponding author.
Introduction
Over 20 million gastrointestinal endoscopies are performed each year in the United States [1] . Most of these procedures required conscious sedation achieved through a combination of benzodiazepines, opiates and other anesthetic agents [2] . Deeper levels of sedation may be necessary for certain procedures such as endoscopic ultrasound (EUS) and endoscopic retrograde cholangiopancreatography (ERCP) [2] . The use of propofol is becoming increasingly popular to achieve rapid and deeper levels of sedation during endoscopic procedures [3] [4] . Propofol has a short half-life (2 -4 minutes), leading to a decrease in post-procedural recovery times [3] . However, propofol-induced deep sedation may increase the incidence of respiratory depression and apnea [5] - [8] increasing the need for continuous airway and ventilation monitoring.
Assessing and maintaining airway patency under propofol sedation can be a significant challenge. Propofol decrease respiratory drive in a dose-dependent fashion, but propofol also causes loss of muscle tone in the muscles of the upper airway, which may result in partial or complete airway collapse and ultimately may lead to respiratory decompensation. Monitoring by trained anesthesiology providers is beneficial, but an objective, quantitative measurement may be helpful in difficult patients and useful for less experienced providers. Further, troubleshooting the cause of airway obstruction is especially difficult during endoscopic procedures where patient positioning can create access problems and a portion of the airway is compromised by the endoscope.
Anesthesiologists often rely on common airway maneuvers, such as the chin lift and jaw thrust, to maintain a patent airway and ensure adequate ventilation during procedural sedation. Unfortunately, it can be difficult to determine when such a maneuver is necessary and to properly monitor and quantify the effectiveness of a maneuver in real time. Monitoring with pulse oximetry is often inadequate due to intermittent dislodgement and the inherent delay between reductions in ventilation and a drop in blood oxygen levels [9] . Propofol-induced respiratory depressions and apnea may persist unmonitored during the recovery period post-procedure, leading to potential complications.
A novel, non-invasive, Respiratory Volume Monitor (RVM) has been shown to provide accurate, continuous, real-time measurements of minute ventilation (MV), tidal volume (TV) and respiratory rate (RR) in a variety of ambulatory patients [10] . This study was designed to demonstrate that the RVM could adequately monitor respiratory performance before, during, and after endoscopy procedures, specifically addressing whether RVM can: 1) quantify the change in MV from before and after an airway maneuver and 2) quantify respiratory depression induced by commonly-used sedatives.
Methods

Patients
Patients undergoing sedation for upper endoscopic procedures, including endoscopic ultrasound (EUS), esophagogastroduodenoscopy (EGD), gastroscopy, and endoscopic retrograde cholangiopancreatography (ERCP) were eligible for enrollment. Exclusion criteria included: history of thoracotomy with resection of lung tissue, severe chronic obstructive pulmonary disease (defined as an inability to climb a flight of stairs) or forced expiratory volume in one-minute divided by vital capacity (FEV1/VC) of less than 30% of predicted), or a body mass index (BMI) of greater than 50 kg/m 2 . The protocol was approved by the Fletcher Allen Health Care Institutional Review Board and all patients gave written informed consent prior to enrollment.
Instrumentation
A bio-impedance based RVM (ExSpiron, Respiratory Motion, Inc., Waltham MA) was used to collect digital respiratory traces from an electrode PadSet placed on the thorax from 25 patients (mean age: 54.1, range: 20 -83 years; mean BMI: 27.6, range: 21 -46 kg/m 2 ) undergoing upper endoscopic procedures. Healthcare providers were blinded to RVM data; however a unit-less respiratory curve was displayed to ensure device function. The RVM PadSet electrodes were placed at the sternal notch, xiphoid and right mid-axillary line at the level of the xiphoid [10] . With recommended electrode placement (Figure 1 ) and advanced algorithms strong correlations (0.96 ± 0.16, mean ± 95% CI for regular and erratic breathing) and high accuracy (average MV and TV errors less than 10% and average RR error less than 2%) between RVM and spirometric measurements have been previously demonstrated [10] .
Procedure
After obtaining written informed consent, each subject performed 2 -4 spirometer tests. For each spirometry test, the patient was asked to breathe through a Wright/Haloscale Respirometer (nSpire Health, Inc., Longmont, CO, "Wright") for 60 seconds. The minute ventilation measured by the Wright spirometer was entered into the RVM. The spirometry measurements were performed in both the supine and left lateral decubitus positions. The number of tests performed varied with the patient's ability and the available time before the procedure. RVM traces were recorded continuously from pre-procedure until discharge. During the procedure end-tidal CO 2 (Philips Smart CapnoLine Adult CO 2 /O 2 nasal cannula), and pulse oximetry were measured. The anesthesia care team cared for the patients as per the usual standard of care.
Twenty-five patients were evaluated. Procedures the patients underwent included: 15 EGD (1 with colonoscopy, 1 with ERCP, 1 with manometry), 4 ERCP, 4 EUS, and 2 gastroscopies. MV, TV, and RR were calculated from 30-second segments over the patient's entire stay from pre-procedure through discharge. Average MV, TV, and RR were calculated from a two-minute period of stable breathing prior to the procedure, this was characterized as the patient's baseline. Predicted MV for each patient was calculated based on the estimated body surface area [11] (BSA) (Equations (1)- (3) 
Airway Maneuvers
Airway maneuvers evaluated included chin lifts and jaw thrusts. If two maneuvers occurred within one minute of one another, the second maneuver was discarded from the analysis. Additionally, if a maneuver occurred during the insertion or removal of the endoscope, the maneuver was discarded from the analysis. Average MV, TV, and RR were calculated one minute before each airway maneuver and then again during the maneuver at the peak ventilation.
Medications
The timing and dosage of propofol and other sedatives were recorded. Propofol delivery was based on the administering anesthesiologist's preference and was given either by continuous infusion or as multiple IV boluses. In order to homogenize the dataset across patients and modes of delivery, the effects of propofol on ventilation were analyzed during the time period around the last bolus of propofol or at the end of the infusion, which always occurred near the end of the procedure. Two-minute averages of MV, TV, and RR were calculated five minutes before the last dose of propofol and every five minutes after the last dose of propofol for 30 minutes. All 25 patients were included in this analysis.
Data Analyses
For each analysis, MV, TV, and RR were evaluated both as absolute values and as percentages of baseline ventilation. The average population estimates of these values are presented in this manuscript as mean ± standard error of the mean (SEM). Airway maneuvers were analyzed separately according to type of maneuver: jaw thrust or chin lift. All jaw thrust maneuvers were pooled and average MV, TV, and RR were calculated pre-and post-maneuver. Similarly, all chin lift maneuvers were pooled and average MV, TV, and RR was calculated preand post-maneuver. Paired t-tests were used to reject the null hypothesis that a maneuver resulted in no-change in ventilation (post-maneuver values were compared to pre-maneuver values).
To determine the effect of propofol on ventilation, average MV, TV, and RR were calculated across the subject population at baseline and at time points near the last dose of propofol. To assess differences in ventilation from baseline to pre-and post-propofol dose, a repeated measures single-factor analysis of variance (ANOVA) was used. For the primary ANOVA, the null hypothesis was that there would be no change in ventilation before or after propofol as compared to baseline. A follow up post-hoc analysis was conducted to determine which time points were significantly different from baseline. To assess absolute differences in MV, TV, and RR, paired t-tests were used before and after propofol administration as compared to baseline. To assess relative differences in MV, TV, and RR, a one-sided t-test was used to determine if the percent change in MV, TV, and RR from baseline was significantly different from zero. The distributions of MV, TV, and RR measurements were tested for normality across the patient cohort.
Results
Subject Demographics
Patient demographics, procedure types, and medications given are summarized in Table 1 . Airway maneuvers were performed in 19 of the 25 non-ventilated patients. All 25 patients received propofol as the primary sedative and most received one or more additional medications such as ketamine (15 patients), fentanyl (3 patients), or midazolam (17 patients).
Airway Maneuvers
A total of 45 airway maneuvers were performed in 19 patients. Of those 45 maneuvers, 15 occurred during the insertion or removal of the endoscope (11 chin lifts, 3 jaw thrusts, and 1 chin-lift-jaw-thrust combination) and seven occurred immediately following another maneuver and were excluded from this analysis. Of the 20 maneuvers analyzed here, 9 were chin lifts, 11 were jaw thrust. In this cohort, the monitored respiratory parameters increased following an airway maneuver relative to pre-maneuver levels. MV increased on average by 24% ± 5% (mean ± SEM), TV increased by 14% ± 5% and RR increased by 17% ± 6%. After the maneuver, the ventilation improved significantly, but was still only 50% of MV BASELINE (MV = 2.6 L/min, TV = 210 ml, RR = 12 breaths/min, right panel); (b) Example RVM respiratory traces and calculated respiratory volume and rate measurements from an EGD patient before and after a chin lift performed by an anesthesiologist to improve airflow (blinded to RVM data). MV BASELINE , prior to any sedative administration, is 6.6 L/min, above the MV PREDICTED = 5.6 L/min. Before the maneuver, MV had decreased to 48% of MV BASELINE (MV = 3.2 L/min, TV = 180 ml, RR = 18 breaths/min, left panel). After the maneuver the ventilation doubled to 103% of MV BASELINE (right panel). Note that the MV increased to 6.8 L/min was due to a larger increase in tidal volume (TV) (from 180 to 320 ml) than an increase in RR (from 18 to 21 breaths/min). MV (MV PRED , based on body surface area) for this patient was 4.9 L/min and the Baseline MV (MV BASELINE ), recorded after placing the patient in the left lateral position for the procedure and prior to the administration of any sedatives or other anesthetics, was 5.2 L/min (106% of MV PRED ). During the procedure and prior to the anesthesiologist initiating the jaw thrust maneuver, the patient exhibited a 25-second-long period of apnea, resulting in a MV measured by the RVM monitor of 6% of MV BASELINE (MV = 0.3 L/min, TV = 70 ml, RR = 3), shown in the left panel of Figure 2(a) . This apnea likely prompted the anesthesiologist to perform a jaw thrust. Following the maneuver, airway patency was partially restored, as demonstrated by an 8-fold increase in MV to 50% of MV BASELINE (MV = 2.6 L/min, TV = 210 ml, RR = 12), as shown in the right panel of Figure 2(a) . While this airway maneuver was implemented based on the clinical observation of obstructive apnea and led to a clear improvement in ventilation, the resulting MV remained at half of baseline, a deficiency that could not be observed without the advanced real-time monitoring capabilities of the RVM. Figure 2(b) shows an example of an effective chin lift in a 41-year-old female also undergoing EUS with an MV PRED of 5.6 L/min and a measured MV BASELINE of 6.6 L/min. The baseline MV in this patient was slightly above MV PRED , possibly due to pre-procedural anxiety. Prior to the chin-lift the RVM recorded MV at 48% of MV BASELINE , secondary to shallow breathing (MV = 3.2, TV = 180 ml, RR = 18), as shown in the left panel of Figure 2(b) . After the maneuver, the measured MV more than doubled to 103% of MV BASELINE (MV = 6.8 L/min, TV = 320 ml, RR = 21), confirming the efficacy of the maneuver (right panel of Figure 2(b) ).
The effectiveness of airway maneuvers was evident across all patients studied here, as both jaw thrusts and chin lifts improved airway patency (Figure 3) . Jaw thrusts increased MV, on average, from 4.1 ± 0.7 L/min to 6.1 ± 1.0 L/min (25% ± 6%, range: −12% to 60%) and chin lifts increased MV from 5.0 ± 1.0 L/min to 6.8 ± 1.1 L/min (21% ± 9%, range: −12% to 62%). Both improvements were significant (paired t-tests, * p < 0.01 and Ŧ p <
respectively).
While it is known that airway maneuvers can improve ventilation and help with airway management, there is currently no measure of adequacy of ventilation in non-intubated patients or any way to provide quantitative feedback of the effectiveness of the maneuver in restoring ventilation. In this study, the RVM recorded several instances of airway compromise that remained unnoticed by the clinical staff. Figure 4 shows an example of unnoticed and potentially dangerous respiratory compromise in a 20-year-old female undergoing an EGD/ERCP. Prior to any sedatives being given MV BASELINE was 7.3 L/min, 16% above the predicted value for this patient of 6.3 L/min. To initiate sedation prior to procedure start, the patient was given 2 mg midazolam, 20 mg ketamine, and 100 mg propofol in two boluses. Soon after the administration of these sedatives and near the beginning of the procedure (Figure 4, left) , MV was measured at 82% of baseline (MV = 6.0 L/min, TV = 300 ml, RR = 20). However, 3 minutes later, the patient received another bolus of 50 mg propofol and the RVM recorded a substantial drop in MV to 16% of baseline (1.2 L/min) (Figure 4, right) , largely due to reductions in tidal volume (TV = 80 ml, RR = 15). This potentially dangerous respiratory compromise was not noted clinically and no airway maneuvers or other interventions were implemented to address it.
Propofol Effects
Patients received varying doses of propofol and other sedatives for their respective procedures. Fourteen of the Figure 3 . Summary of the Effectiveness of Airway Maneuvers: Minute ventilation (MV), tidal volume (TV) and respiratory rate (RR) pre (gray) and post (black) jaw thrusts and chin lifts in patients undergoing upper endoscopy. Jaw thrusts significantly improved MV from 4.1 to 6.1 L/min ( * p < 0.01, paired t-test)-an increase of 25% ± 6%. Jaw thrusts also significantly increased TV from 270 to 350 ml ( Ŧ p < 0.05, paired t-test), an increase of 16 ± 5%, and increased RR from 15 ± 2 to 18 ± 1 ( Ŧ p < 0.05, paired t-test)-an increase of 20% ± 8%.Similar to jaw thrusts, chin lifts also significantly improved MV from 5.0 to 6.8 L/min ( Ŧ p < 0.05, paired t-test), an increase of 21% ± 9%, but did not have a significant effect on either TV or RR. 25 patients received an infusion of propofol while the other 11 received multiple bolus doses ( Table 1) . At base line, prior to any sedatives, the cohort average MV BASELINE was recorded at 9.5 ± 0.7 L/min (TV = 670 ± 60 ml, RR = 15 ± 0.7). This is higher than the average predicted MV (MV PRED = 7.0 ± 0.2 L/min). Figure 5 summarizes the recorded trends in MV, TV, and RR as percent of baseline ( Figure 5(a) ) and as absolute measurements ( Figure 5(b) ) aligned to the last dose of propofol. One patient had a nearly four-fold increase in MV from baseline until five minutes prior to propofol. This time point coincides with the start of the procedure and is likely due to high patient anxiety prior to the procedure. This patient was removed from the resulting analysis and figure for visual purposes, but significance tests were similar when this patient was included in the analysis. Post-hoc analysis of these trends revealed that MV decreased transiently, reaching a nadir five minutes after the last dose of propofol at 82% ± 10% of baseline (MV = 7.5 ± 1.0 L/min, mean ± SEM). The reduction in MV was driven by a significant reduction in TV (and not RR). At the nadir of MV, the recorded TV was 64% ± 5% of baseline (TV = 420 ± 40 ml, p < 0.001 w.r.t. baseline) and 17% ± 9% lower than pre-propofol TV ( Ŧ p < 0.05 w.r.t. pre-propofol levels). The RR at the nadir of MV was significantly increased to 123% ± 9% of baseline (RR = 17 ± 0.8, Ŧ p < 0.05 w.r.t. baseline), indicating that, once again, RR alone may be a poor indicator of a patient's respiratory status. The effect of propofol on respiration was observed in both continuous infusion and bolus administration protocols.
Discussion
These results demonstrate that the RVM was able to monitor changes in ventilation before, during and after upper endoscopic procedures, and that it was able to quantify respiratory changes resulting from the administration of medications and clinical interventions, such as airway maneuvers to improve ventilation. Analysis of the respiratory patterns following airway maneuvers showed an increase in MV, TV, and RR. All patients had a significant reduction in ventilatory volumes after propofol administration. Five minutes after the last dose of propofol, MV and TV were reduced while RR was not, suggesting that monitoring respiratory rate alone is not only insufficient in quantifying the extent of respiratory depression, and can be misleading. Across the cohort, RR increased slightly after the last dose of propofol, likely in an attempt to compensate to the greatly reduced TV.
It is imperative to ensure adequate ventilation during monitored anesthesia care (MAC) at levels of moderate to deep sedation. After the elimination of claims for dental injury, Metzner and Domino's [13] review of the ASA Closed Claim database showed that MAC was used in claims from remote locations (non-operating room (NOR) settings) much more often than in the OR (50% vs. 6%), and that of remote anesthesia locations, 32% of claims Five minutes before the last dose of propofol, MV was 91% ± 10% of baseline, TV was significantly reduced to 81% ± 8% of baseline ( Ŧ p < 0.05), and RR was significantly increased to 114% ± 7% of baseline ( Ŧ p < 0.05). Five minutes after the last dose of propofol, MV was 82 ± 10% of baseline, while TV was reduced further to 64% ± 5% of baseline ( * p < 0.001) and RR was significantly increased to 123% ± 9% of baseline ( Ŧ p < 0.05). TV was also significantly lower 5 minutes after propofol relative to 5 minutes before propofol ( Ŧ p < 0.05); (b) Absolute values of MV, TV, and RR relative to the last dose of propofol (red dashed line). At baseline (black dashed line) MV = 9.5 ± 0.7 L/min, TV = 670 ± 60 ml, and RR = 15 ± 0.7. Five minutes before the last dose of propofol, TV was significantly reduced from baseline to 540 ± 60 ml ( Ŧ p < 0.05). Five minutes after the last dose of propofol, MV was 7.5 ± 1.0 L/min, TV was significantly reduced from baseline to 420 ± 40 ml ( * p < 0.001) and RR was significantly increased from baseline to 17 ± 0.8 ( Ŧ p < 0.05).
occurred from cases taking place in the GI suite. Remote locations also had a greater severity of injury; with mortality rate double that of operating room claims. Complications related to inadequate oxygenation/ventilation occurred seven times more frequently in remote locations than in the OR [13] . Under consensus expert opinion, the ASA recommends that monitoring of ventilation be used in all anesthetics achieving moderate to deep sedation [14] . This study suggests that respiratory volume monitoring could optimize ventilation monitoring and direct airway maneuvers during sedation. In the GI suite, space is often limited, patients are usually in a non-supine position, and the airway is shared by the endoscope. This combination can make it more difficult to monitor airway patency and adequate ventilation, and often limits the airway maneuvers available for rescue without pausing or aborting the procedure. The data presented here shows that even in the hands of skilled anesthesiologists, patients can experience inadequate ventilation. Despite existing monitoring techniques and one-on-one clinical observation, episodes of clear hypoventilation were not appreciated or addressed. In this sample no adverse outcomes were observed but the ASA Closed Claims data indicates that improvement in the ability to monitor and care for ventilation during sedation procedures is needed. This study shows that the RVM is sensitive to changes in ventilation during upper GI endoscopy. In addition, RVM provides real-time feedback about the adequacy of airway interventions utilized by the anesthesiologist. Prior to use of the RVM, it was difficult to quantify the effectiveness of various rescue airway maneuvers, but with RVM's continuous display of MV, TV and RR values in non-intubated patients, the changes in ventilation created by a given maneuver can be easily quantified and recorded. Further, real time demonstration of effectiveness of the various airway maneuvers may now be used create safer protocols and relied upon to provide feedback during training of healthcare professionals to optimize their performance.
In addition to showing utility of the RVM, this study reiterates the inherent risk of the medications used in procedural sedation. Propofol-based sedation can result in increased respiratory depression, apnea and decreased TV [5] - [8] and it should only be used in situations in which continuous hemodynamic and ventilatory monitoring is available, and only by practitioners who are able to perform advanced airway maneuvers. This is the first known description of the decrease in tidal volume observed with a non-invasive respiratory volume monitor after a final dose of propofol is given or after an infusion is discontinued. The data analysis shows that this decrease does not directly correlate with timing of the end of the procedure. This finding warrants further investigation.
In this study, capnography readings were available to the anesthesiologist, but often noted to be erratic or absent. Specific analysis of capnography data is underway however, data reviewed demonstrated cases in which capnography alone was not sufficient to prompt the anesthesiologist to perform an airway intervention to correct significant respiratory depression and cases in which airway maneuvers were performed at a time of adequate minute ventilation. Acoustic monitoring has been compared to capnography as a sensitive monitor for respiratory rate [15] [16] , however this technology does not quantify tidal volume or minute ventilation and has the potential to "count" obstructed breaths.
This study has several limitations. There was no standardized protocol for the type of anesthetic medications given, or method of delivery. The sample size was small and it was an observational study. One benefit was that since the anesthesia care teams were blinded to the RVM data and the MV, TV and RR measurements were not used to modify or direct patient care, an unbiased view of the patient's respiratory status using traditional monitoring techniques was obtained. Additional studies including the comparison of RVM to capnography are ongoing to further assess the utility of RVM during MAC in non-operating room environments. For this study, the RVM was calibrated to a handheld spirometer prior to the procedure to optimize the accuracy of the measurements with less than an average error of 10% for MV and TV, as previously demonstrated [10] . In clinical practice, it is anticipated that to simplify implementation, a baseline will be obtained in the position of the procedure and the RVM system will be used to observe the respiratory trace and track percent change from pre-anesthetic baseline, as is demonstrated in Figure 4 and Figure 5 .
Conclusion
The endoscopy suite is not a risk-free environment for anesthesia. Although further research is needed, this study clearly supports previous work that the RVM can be a useful tool for monitoring ventilation in patients undergoing upper endoscopic procedures. By providing the anesthesiologist with continuous real-time quantitative information regarding the effect of anesthetics on the patient's respiratory status, RVM can help determine when an airway maneuver or other intervention is needed, and whether the intervention is successful or further intervention is warranted. Improved ventilation monitoring with RVM may help to reduce serious respiratory events and improve patient safety during managed anesthesia care, procedural and procedural sedation.
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